The rainwater retention and peak flow reduction effect of seven extensive green roof (EGR) modules were studied in Beijing under natural rainfall events from May to September 2015. Monitored EGR modules had a layer of vegetation widely planted in northern China and a substrate layer with a thickness of 20 or 50 or 100 mm. The EGRs effectively retained rainwater, and regression equations of the potential retention capacity as a function of rainfall depth were developed for five EGR modules, which show that generally the capacity decreased as rainfall depth increased. The EGR with Sedum lineare Thunb and 100 mm improved soil had relatively higher average retention capacity (61.8%) than others, but all EGR modules had similar retention for an extraordinary rainfall event of 114.4 mm. For rainfall events less than 15 mm, EGR modules had 100% rainfall retention most of the time. The reduction in peak runoff rate ranged from 30.8% to 85.4%. The EGRs with Sedum lineare Thunb using 20 mm improved soil and 50 mm either pastoral soil or ultra-low weight substrates have similar peak reduction (51.3-58.2%). The EGRs with Sedum lineare Thunb have better rainfall retention and peak reduction than EGRs with Angiospermae or Sedum aizoon L.
INTRODUCTION
Over the past century, high-intensity human activities in many countries throughout the world have led to rapid urbanization. China, as a rapidly developing country, inevitably faces many challenging issues in the process of urbanization (Liu et al. ) . One of the most serious impacts caused by urbanization is alteration of the urban water cycle (Lu et al. ) , preventing the timely infiltration of stormwater and leading to frequent waterlogging problems in many cities ( Jiao et al. ) . China is proactively addressing these challenges, such as by vigorously promot-technology because these roofs do not require additional urban land.
Green roofs can be classified as intensive and extensive, also called garden-style and simple green roofs (Rowe ) .
Extensive green roofs (EGRs) are easy to install, manage, and maintain. Furthermore, they cost less than intensive green roofs and have substrate layers that are usually shallower than those of intensive green roofs, with vegetation often comprised simply of low-profile shrubs or grass. Both intensive and EGRs normally include a vegetation layer, substrate layer, drainage layer, and waterproof layer (Zhang et al. ) . In contrast, most rainfall runoff flows away directly when it falls on the traditional or normal roof (NR) that consists only of an impervious surface. Although a small amount of rainfall is retained on an NR, most will flow off the roof to form surface runoff or directly into stormwater pipes. EGR has not only rainfall interception by the vegetation layer but also infiltration and storage of rainwater in the substrate before releasing the rainwater as surface runoff. Rainwater stored by EGR substrate is used by the EGR vegetation and is returned to the atmosphere through evaporation and evapotranspiration during dry periods.
Green roof has many environmental benefits (Ayata et al. ; Gagliano et al. ; Vijayaraghavan & Raja ) . One of the most important benefits of EGRs is their capacity to reduce rainwater runoff. The effect of EGRs on rainwater runoff mainly includes total volume reduction, peak flow reduction, and a delay in the onset of runoff. Various studies have demonstrated the stormwater retention capacity of EGRs. Lee et al. () suggested that a rainfall depth of less than 7.5 mm produced no runoff; furthermore, for rainfall between 16 and 115 mm, an EGR with a 200 mm soil depth reduced runoff by 42.8-60.8%, whereas an EGR with a 150 mm soil depth reduced runoff by 13.8-34.4%. Zhang et al. () found that rainfall retention of EGRs (150 mm substrate depth) ranged from 35.5% to 100% based on different rainfall depths, with an average retention of 77.2%. Bengtsson () showed that an EGR with a 30 mm soil layer retained 46% of annual rainfall. If EGRs (100 mm substrate depth) were installed on 10% of the total roof surface in Brussels, Belgium, and a runoff reduction of 54% for the individual buildings was achieved, the stormwater reduction for the whole city area could be 2.7% (Mentens et al. ) . Monterusso et al. () showed that EGRs have a much higher retention capacity for low-intensity rainfall than high-intensity rainfall. However, EGRs are also very important in reducing peak flows. Soulis et al. (b) () found that succulents and mosses were unaffected by drought stress in the winter since they grew well not only in summer but also in winter, and their rainwater retention capacity was nearly the same in both seasons. Nagase & Dunnett () showed that for EGRs with the same substrate layer and drainage layer, the runoff reduction by an EGR with sedum was 23-38% higher than the reduction achieved by an EGR with non-herbaceous plants.
The research conducted in the present study investi- 
MATERIALS AND METHODS

Site description
Seven EGR modules were installed in April 2015 on the roof of the laboratory in the Beijing University of Civil Engineering and Architecture, which is located in Daxing, Beijing, China. The annual average air temperature of the study area is approximately 12 С and the average annual rainfall is 626 mm, most of which falls from May to October (as is typical of a continental monsoon climate).
EGR plants and substrates
Three species of sedum widely cultivated in northern China were selected as experimental EGR plants for studying the effect of the vegetation layer on rainwater retention:
Sedum lineare Thunb, Angiospermae, and Sedum aizoon L.
( Figure 1 ). All the EGR modules had complete vegetation coverage throughout the monitoring period (Figures 1 and 2 ).
The physical properties of the three sedums are summarized in than that of improved soil ( 
EGR and NR modules
The EGR modules were each 0.5 m × 0.5 m (Figure 2 ) and had a substrate thickness of 20, 50 or 100 mm (Table 3 ).
In addition, all modules had geotextile as a filter layer and a drainage board as a drainage layer and a slope of 1%, ensuring proper drainage of stormwater runoff. All of the hydrologic measurements were taken from individual In addition, a NR module consisting of a typical roof surface (i.e., concrete) was installed beside the EGR modules to provide comparative performance data. This module was the same size and placed on the same slope as the EGR modules and was monitored in the same way as the EGR modules (except that there was no subsurface drainage).
Data collection and analysis
The rainfall data were collected using an HOBO U30 station Table 4 .
The total depth of rainwater retained by an EGR module was computed as the difference between cumulative rainfall depth and drainage volume (in mm) during a given time period. Retention (R, %) is reported as the percentage of rainwater held by an EGR,
where P is total rainfall (mm) and Ro is total runoff (mm) drained from an EGR module for a rainfall event or over the continuous monitoring period.
The peak reduction is reported as the ratio of the peak flow reduction achieved by the EGR to the peak flow from a NR having the same slope as the EGR modules,
where R flow is the runoff peak reduction (%), T flow is peak flow measured from a NR (L min À1 ) and G flow is the peak flow from an EGR module (L min À1 ). Data for G flow of the NR surface in response to the seven rainfall events (Table 4) are given in the Appendix (available with the online version of this paper).
RESULTS AND DISCUSSION
Characteristics of monitored rainfalls
The 36 rainfall events monitored covered the whole spectrum of rainfall events that are likely to occur in the (Table 4) . Twenty of the 29 events produced less than 7.5 mm rainfall, and 17 of these produced no runoff; the other three produced minor runoff (Zhai ). These observation results are the same or similar to the findings of Lee
Of the nine events producing 7.5-15 mm rainfall, five events generated no runoff from the EGR modules. Thus, the rainfall retention and peak runoff reduction by the modules were both 100% for these events. For the remaining four events, although retention was less than 100% (due to either antecedent soil moisture or a dry period), no appreciable runoff was produced. Therefore, only seven rainfall events (Table 4 and Appendix, available with the online version of this paper) were chosen for analyzing the water retention performance of the seven EGR modules, and these included one extraordinary rainstorm event (17 July 2015), four heavy rainfall events (26 June, 27 July, 1
August, and 5 September), and two moderate rainfall events (10 May and 18 July 2015).
Rainfall hyetograph and runoff discharge
The hyetograph (mm min À1 ) of the rainfall event on 27 July 2015 is shown in Figure 3 (a) and the corresponding runoff hydrographs and rainfall retention capacities for five of the EGR modules are shown in Figure 3 (b) and 3(c), respectively.
All three 50 mm substrates (TP50, TI50, and TU50 in Figure 3 (b)) affected runoff generation, delaying the onset of runoff by 1 min after rainfall intensity increased to 0.8 mm min
À1
.
Rainfall reached its peak intensity (1.6 mm min
) after 18 min, and the discharge from the subsurface drainpipes (Figure 2 ) increased rapidly. Due to its high porosity (and corresponding high infiltration rate), the discharges from the TU50 module (ultra-low weight substrate) in 18-30 minutes after the rainfall started were significantly higher than discharges from the other two EGR modules with different types of substrate but the same thickness (Figure 3(b) ).
From about 45 minutes after the rainfall started, the measured discharges from the three EGRs were not significantly different, and the retention curves for the three EGRs almost paralleled each other. These responses indicate that the substrates of EGR modules have more influence on discharge when cumulative rainfall is still small.
The cumulative retention capacity of all EGR modules started at 100% and decreased nonlinearly with time ( Figure 3) ; the overall retention capacity R was calculated at the point when runoff stopped. The final retention capacities for TP50, TI50, and TU50 were 42.0%, 48.7%, and 36.4%, respectively (Figure 3(b) ). times that of TI50, and runoff from TI50 was approximately 1.27 times that of TI100. These results indicate that, for a given substrate, the thicker the substrate, the more rainwater can be retained by an EGR. The reduction in peak runoff by TI100 was almost 20% larger than that of TI20 according to the monitoring data in 2015. The rainfall event on 27 July 2015 had three peaks, and TI100 significantly reduced each peak. Although the reduction in peak runoff by TI50 was greater than that by TI20 in the first peak, neither TI20 nor TI50 achieved any significant reduction of the second and third peaks. Therefore, the substrates of TI20 and TI50 were saturated after the first peak. The final retention capacities for TI20, TI50 and TI100 were 35.5%, 48.7%, and 59.6%, respectively (Figure 3(c) ).
Total rainfall (mm), overall retention capacities (%), retention volumes of rainwater (mm), reductions in peak runoff rates (%), and peak discharge (L min À1 ) are summarized in the Appendix for all seven rainfall events and five
EGR modules for which the vegetation layers are all
Sedum lineare Thunb, as well as the NR for comparison.
Data for reductions in peak runoff for all seven modules on 17 July 2015 and for TI20 on 26 June 2015 are indicative only due to the very large rate of runoff that occurred on these dates. Because the HOBO rain gauges used to monitor the runoff could only record 60 flips of the bucket per minute (i.e., up to one flip per second) the maximum runoff rate that could be registered was 0.2184 L min À1 .
When the rainfall was significant, the actual runoff exceeded 0.2184 L min À1 , and the runoff in excess of this maximum that occurred in the peak minute was attributed to the next minute.
Effect of vegetation layer on rainwater retention
The EGR modules AI50, LI50, and TI50 were designed and monitored for the impact of vegetal plant types on rainwater retention. These three EGR modules had the same type During the continuous monitoring period, AI50 reduced peak runoff rate the least and its peak runoff rate was the highest of all three modules (Zhai ) . This result was attributed to the comparatively smaller leaves, less dense canopy, and better-developed root system of Angiospermae (Table 1) , which could loosen the substrate. Therefore, Angiospermae not only intercepts less rainfall in the leaf This reduction occurs mainly because the root structure of a plant changes the pore structure and, therefore, the water-holding capacity of the soil is reduced.
Effect of substrate layer on rainwater retention
In an EGR, substrate is the main component for retaining The composition and relative proportions of components in a substrate layer greatly affect the retention and the degree of purification of rainwater. The soil moisture in the substrate layer also influences the EGR's ability to reduce and delay the peak runoff (Berretta et al. ) . Therefore, the substrate layer plays an important role in the hydrology performance of an EGR.
Effect of substrate thickness -individual rainfall events
Three EGR modules (TI20, TI50 and TI100) were designed and monitored to evaluate the impact of substrate thickness on rainwater retention. These modules had the same vegetation layer and the same type of substrate but different thicknesses of substrate (20, 50 and 100 mm, respectively).
The values (open circles) for each rainfall event and statistical summary of R and R flow for three EGR modules are presented in Figure 5 in comparison to the retention performance of a normal roof in response to the seven natural rainfall events (Table 4 ).
The maximum, minimum, and average values of R and R flow increased as substrate thickness increased ( Figure 5 ).
However, the retention capacity did not linearly increase with substrate thickness. Rather, the first 30 mm increase of substrate thickness (i.e., the difference between TI20 and TI50) resulted in an average 14.7% retention capacity increase, whereas the next 50 mm increase in substrate thickness (from TI50 to TI100) resulted in an average 12.6% retention capacity increase. Overall, the thicker the EGR substrate, the greater the retention of rainwater ( Figure 5(a) ). The effect of substrate thickness on R for each rainfall event was further explored by plotting R as a function of the rainfall depth (Figure 6(a) ). Four rainfall events (filled symbols in Figure 6 (a)) that occurred on 10
May (moderate rainfall of 20.6 mm), 26 June (heavy rainfall of 30.6 mm), 27 July (heavy rainfall of 45.0 mm) and 17 July (extraordinary storm of 114.4 mm) were used to develop the regressions (dashed lines) of R (%) versus rainfall P for each of the three EGR modules (TI20 as squares, TI50 as diamonds, and TI100 as circles, as shown in Figure 6(a) ). The best-fit regression equations (Table 5 including p-value)
yield potential retention capacities R p at different rainfalls, (Table 4) .
and their determination coefficients (R 2 , representing the goodness of fit) exceeded 0.97 for TI50 and TI100 and 0.87 for TI20. The regression lines in Figure 6 clearly show that the potential retention capacity of an EGR decreased as rainfall depth increased and as substrate thickness decreased. When regression equations in Table 5 are applied to small rainfall depths, the equations result in R p greater than 1, and R p should be reset to 1.0 or 100% for those cases.
Even though regression equations in Table 5 (Table 5) Three rainfall events (hollow symbols in Figure 6 , on 18
July, 1 August and 5 September) were not used to develop the regressions. The moderate rainfall event (19.4 mm) on 18 July occurred after extraordinary rainfall on 17 July 2015; thus, most likely the EGR substrates were still saturated on 18 July and the retention capacities for EGR modules (ranging from only 4.9% to 20.1%; Figure 6 ) were much lower than R p computed from the corresponding regression equations in Table 5 . Furthermore, the retention effect of the three EGR modules on 1 August 2015 (32 mm heavy rainfall with one antecedent dry day) did not exhibit an obvious step-increase as a function of substrate thickness; instead the modules had similar retention capacities (32.1%, 33.7%, and 35.5%), and those of TI50 and TI100 were much lower than the R p values predicted from the corresponding regression equations (Table 5 ).
The rainfall on 5 September 2015 was heavy (36.6 mm) and lasted for approximately 22 h (at an average rainfall intensity of 0.03 mm min À1 and a maximum intensity of 0.4 mm min À1 ). The event on 5 September was preceded by three recent small rainfall events (each <10 mm) on 30
and 31 August and 1 September that did not produce any runoff. Thus, on 5 September the substrate moisture content of the EGRs was high, and although the rainfall retention capacity of TI100 was only slightly lower than the R p computed from the corresponding regression equation, the capacities of TI50 and TI20 were much lower than R p predicted ( Figure 6 ). The retention effect of the three modules for the rainfall on 5 September did exhibit a step-increase as a function of substrate thickness, but the retention capacities were much lower than the R p values predicted from the regression equations based on rainfall.
The regressions shown in Figure 6 (a) indicate that rainfall less than 11 mm would produce no outflow from either TI100 or TI50 (100% retention), but TI20 would retain only 43% of this rainfall. If rainfall exceeded 120 mm, TI20 and TI50 would have almost the same retention capacities while that of TI100 would be only slightly higher than the retention of TI50; furthermore, the retention capacities for all three EGR modules would tend to stabilize and become independent of rainfall depth. Out of the 36 natural rainfall events that were monitored, 29 had relatively low rainfall amounts and resulted in about 100% retention by the EGRs; therefore, these rainfall events are not listed in the Appendix.
Effect of substrate thickness -cumulative effect over all rainfall events monitored
Rainfall and runoff data for the three EGR modules (TI20, TI50 and TI100) were collected from 10 May to 29 September 2015 (36 rainfall events), and the total retention capacity for each EGR module was calculated using cumulative rainfall and runoff volumes over the entire monitoring period.
Cumulative rainfall was 434 mm over the 36 events, and the total retention capacities of TI20, TI50 and TI100 were 39.2%, 56.5% and 61.8%, respectively ( 
Effect of substrate types
The EGR modules TP50, TI50 and TU50 were designed and monitored to evaluate the impact of substrate types on rainwater retention. The three modules had the same vegetation layer and the same substrate thickness (50 mm) but different substrate types (i.e., pastoral soil, improved soil, and ultralow-weight substrate, respectively). The statistical summary of R and R flow for these three EGR modules is shown in Figure 8 and compared with the performance of a normal roof under the seven natural rainfall events (Table 4 ).
The maximum, minimum, and average values of R and R flow under the seven rainfall events increased in the order of ultra-low weight substrate, pastoral soil and improved soil ( Figure 8 ). The R of TI50 was in the range 11.7-76.0%, the mean of which was 11% higher than that of TU50 and 6% higher than that of TP50. This result is consistent with the study of Stovin et al. () which shows that the EGRs with the most porous/permeable substrates showed the lowest levels of retention capacity, because higher porosity of substrates leads to faster moisture losses so that EGRs with ultra-low weight substrate produced more runoff in both individual rainfall event or cumulative monitoring (Berretta et al. ; Poë et al. ) . Besides, the In Figure 6 (b) the retention rates as a function of rainfall depths are shown for TI50, TP50 and TU50, including regression lines developed using four events; the regression equations are given in Table 5 as a function of substrate type were similar to those described for substrate thickness (Figures 6(a) and 7(a)).
However, the effect of substrate on rainwater retention was weaker than the effect of substrate thickness in the range 20-100 mm of rainfall.
CONCLUSIONS
A systematic study was conducted to investigate the influ- For three EGRs that differed only in substrate thickness (TI20, TI50, and TI100), the thicker the substrate was, the better was the rainfall retention capacity (Figures 5 and 7 ).
In general, EGR's retention capacity was closely and inversely correlated to rainfall depth when it exceeded 15 mm, with certain exceptional cases. Under an extraordinary rainfall on 17 July 2015, the retention capacities of EGR modules with different substrate thicknesses and substrate types were very similar. For the same EGR module, the difference in rainfall retention capacities for a moderate rainfall event and a heavy rainfall event can be more than 50%.
For three EGRs with different substrate types (TI50, TP50 and TU50), improved soil showed the greatest rainwater retention capacity (Figures 7 and 8) . Improved soil had a lower dry bulk density compared to pastoral soil, and a lower porosity than that of the ultra-low weight substrate. The TI50 module retained 76% rainwater during moderate rainfall events, but only 31.8% in an extraordinary rainfall on 17 July 2015. The highest reduction of the peak flow of TI50 was 85.4% during moderate rainfall. (Table 4) .
In this study, it is not clear if the size of the experimental EGR modules affected the amount of rainwater runoff, and more detailed studies are necessary using various plant combinations in individual modules. In future research, we will continue to study rainwater retention under short-term and long-term rainfall events and for several other substrates such as peat soil and pine needle mulch using substrate thicknesses that exceed 100 mm.
